Aflatoxins, a group of mycotoxins produced mainly by Aspergillus flavus Link ex Fries and A. parasiticus Speare, have been recognized as one of the major contaminants of food throughout the world. Because of their acute hepatocarcinogenic nature, these groups of fungal food contaminants have received considerable attention in recent years. Several analytical and immunological methods are available for testing and estimating aflatoxins in different food commodities. However, most of these analytical methods are actually minor modifications of the basic methods officially adopted for specific commodities. They differ only in the solvents used to extract the toxins and in the techniques used for estimating the intensity of fluorescence of the analysed toxins. All analytical methods for aflatoxins involve basically the same steps: sampling and sample extraction, clean-up, work-up, detection, and confirmation, as well as estimation of the toxin. Various types of high-performance chromatographic approaches are most commonly used. A rapid qualitative assessment has also been reported with the help of minicolumn methods. By using monoclonal and polyclonal antibodies, several sensitive and specific enzyme-linked immunosorbent assays (ELISA) and radioimmunoassays (RIA) have been developed for aflatoxin analysis. ELISA techniques are more rapid, more sensitive, and simpler to use than the conventional analytical methods. Several commercial ELISA-based aflatoxin kits using monoclonal antibodies are also available for aflatoxin analysis.
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Mention of the names of firms and commercial products does not imply endorsement by the United Nations University. metabolites that are produced mainly by the toxigenic strains of two important fungi, Aspergillus flavus Link ex Fries and A. parasiticus Speare. These groups of compounds are receiving worldwide attention from researchers, the food industry, and the general public, mainly for two reasons. First, aflatoxins (particularly aflatoxin B 1 ) not only are toxic to animals and humans but also are the most carcinogenic natural compounds known. Second, there is a high incidence of aflatoxins in food and feed throughout the world [1] [2] [3] .
In view of their common occurrence and toxicity, several analytical and immunological methods were devised after aflatoxins were discovered to be the causative agent of Turkey-X disease in England in 1960. However, most of these analytical methods are actually minor modifications of the basic methods officially adopted for specific commodities. They differ only in the solvents used to extract the toxins and in the techniques used to estimate the intensity of the fluorescences of the analysed toxins.
All analytical methods for aflatoxins involve basically the same steps: sampling and sample extraction, cleanup, work-up, detection, and confirmation, as well as estimation of the toxin. The use of thin-layer chromatography (TLC), high-performance thin-layer chromatography (HPTLC), high-performance liquid chromatography (HPLC), gas-liquid chromatography (GLC), or fluorotoxinmeter (FTM) is common for the detection and quantification of aflatoxins.
Rapidity in analysis is another factor that has drawn worldwide attention recently. When a large number of samples have to be analysed within a short period, minicolumn methods, enzyme-linked immunosorbent assay (ELISA), and radioimmunoassay (RIA) techniques can be used. However, any method recommended for aflatoxin analysis should be economical and convenient to the handlers, taking into account their available laboratory facilities, as well as providing greater accuracy in the results. Detailed methods for aflatoxin analysis are discussed below.
Sampling and sample preparation
Sampling and sample preparation are the most important steps before the sample is subjected to chemical analysis for the presence of aflatoxins. It is obvious that aflatoxins are present in only a few kernels and grains and have highly skewed distribution in food and feed commodities. This results in extreme variations in analytical results if the sample taken for analysis is not representative of the bulk [4] [5] [6] [7] . Coker et al. [8] have shown the variations in the levels of aflatoxins analysed in 20 subsamples taken from a 54-kg lot of groundnut kernels. They have also suggested different sampling plans on the basis of the nature and size of kernels or grains and other food items.
Sampling accuracy can be increased by taking a large number of representative samples and dividing them into three equal parts. Differences in weight have also been considered, depending on the regulations of a particular country. The United Kingdom has recommended a weight of 10.5 kg per sample, whereas the US Department of Agriculture requires 66 kg per sample, a much larger amount. However, an average weight of 5 to 10 kg per sample has been adopted by most countries.
Proper grinding and subdivision of the sample are also important before determination of aflatoxin. Rotary sample divisors, spinning riffles, and cascade samplers can be used to prepare representative subsamples [7, 9] . The size of the subsamples may vary from 20 to 100 g. Most of the methods, however, require a 50-g sample for aflatoxin assay, which appears to be the best in terms of economy in using solvents.
Aflatoxin analysis
Three types of analytical methods have been suggested for aflatoxins: biological, chemical, and immunochemical. Biological methods are qualitative, nonspecific, and time consuming, since they are based on reactions occurring from the exposure of biological test organisms, such as chick embryos, day-old ducklings, brine shrimp, Salmonella and Bacillus spp., and ochra seedlings, to aflatoxins. A duckling test is useful for a one-time dose response and as a confirmatory test for aflatoxin B 1 exposure. However, biological assays are only useful for indicating the presence of a toxin in the system. Isolation, identification, physiology, chemical nature, and immunochemical responses are essential for routine analysis of aflatoxins. These are invariably quicker, cheaper, more specific, more sensitive, and more reproducible than biological analyses. Although several analytical methods have been developed, most of them differ in the solvents used and the measurement of fluorescence. In most cases organic solvents are mixed with a given ratio of a more polar solvent, such as water, so that the aqueous solvents penetrate the hydrophilic tissues and effectively extract aflatoxins. Methanol/water (55:45, 80:20), acetone/water (85:15), acetonitrile/water (90:10), and chloroform/water (250:25) are some of the common solvents used to extract aflatoxins from agricultural commodities. An assay method for aflatoxins in milk has been developed separately by Lafont and Siriwardana [10] .
Clean-up
Purification and clean-up of the aflatoxins from the interfering substances in the extract are essential before determination of aflatoxin. Liquid-liquid partitioning by suitable solvents in a separating funnel, as well as removal of plant pigments from the extracts, is performed for this purpose. Hexane or petroleum ether is used to separate fats and oils from the extract, and lead acetate solution or cupric carbonate is used to remove pigments and other compounds [11] .
Column chromatography can also be used for this purpose. A glass column is packed with one or more adsorbent materials, and the crude extract is added to the top of the column. The column is then eluted with a series of solvents or solvent mixtures that are designed first to wash off the interfering substances and then to elute aflatoxins separately. The other interfering compounds remain strongly bound on the column. The purified extract is subsequently subjected to work-up for qualitative and quantitative analyses through chromatography and immunochemical assays.
Work-up
After the clean-up step, the extract must be worked up to make it suitable for the estimations. The purified pooled extract is subsequently transferred into 10 to 50 ml of chloroform. This chloroform extract is then passed through the bed of anhydrous sodium sulphate to remove any moisture present in the extract. The dried chloroform extract is then evaporated to near dryness in a rotary evaporator at 50°C. Alternatively, evaporation can be carried out with the use of a steam bath, preferably under a stream of nitrogen. Finally, the concentrated chloroform extract is used for estimations.
Detection and confirmation
Since aflatoxins are fluorescent under long-wave ultraviolet (UV) light, they can be detected at very low levels. Detection or qualitative estimation of aflatoxins is usually done on TLC plates or on a minicolumn, which requires only the qualitative standards. TLC has been the most widely used method for both qualitative and quantita-tive estimations of aflatoxins since the initial discovery of aflatoxins in 1960 [12] . Glass plates coated with a uniform layer of silica gel (Kieselgel G) were used for TLC, and chloroform/methanol and chloroform/ acetone were the solvents [13] . Stubblefield et al. [14] used water/acetone/chloroform (1.5:12:88 , v/v) as the solvent system for better resolution of different components of aflatoxins. Reddy et al. [15] , however, obtained the best resolution in a toluene/isoamyl alcohol/methanol (90:32:2, v/v) solvent system. The developed TLC plates are then examined under long-wave UV light (365 nm), and the fluorescent spots are compared with the spots of standard aflatoxins for their colours and relative flow values.
Confirmatory tests are needed after qualitative detection of aflatoxins on TLC plates, because many compounds can behave like aflatoxins. To eliminate such false results, the identity of aflatoxin in positive samples needs to be confirmed. Most of the confirmatory tests involve the formation of a derivative that has different properties (colour of fluorescence, polarity, etc.) from that of the original toxin. When detection is done by TLC, the derivatives can be formed on the same plate, either by spotting a reagent on the toxin extract before development or by spraying a reagent after development. Przybylsky [16] suggested the use of trifluoroacetic acid in the former approach, which forms the hemiacetal derivatives (B 2a ) of aflatoxin B 1 after reaction and can be detected at a lower relative flow value than that of standard aflatoxin B 1 . For additional confirmation, 50% sulphuric acid is sprayed on the developed plates and reacts with the blue and green fluorescent aflatoxins to give yellow fluorescent derivatives. Other confirmatory tests for aflatoxins have been suggested [17, 18] .
Quantitative estimations
Quantitative estimations of aflatoxins can be done by any of the following methods.
Thin-layer chromatography and fluorodensitometric methods
As discussed earlier, TLC has been the most widely used method for quantitative estimations of aflatoxins. Developed TLC plates are examined under UV light, and aflatoxin concentrations are estimated by visual comparison of the fluorescent intensity of the spots in the sample extracts with those of the appropriate aflatoxin standards chromatographed on the same plate. Coomes et al. [12] described this visual method of estimation as sensitive, and concentrations of aflatoxin as low as 3 to 4 µg per kilogram can be detected. However, visual estimations present problems of accuracy and precision [11] . The coefficient of variation with this method may range from 20% to 30%.
Direct measurements of aflatoxins on TLC plates by fluorodensitometer are more accurate and precise than visual estimates [19] . The detection limit is 1 µg/kg. Although fluorodensitometers are commercially available, their high cost precludes their use in many laboratories, and investigators continue to compare the fluorescent spots visually [20] .
TLC methods for aflatoxin estimation have been subjected to an extensive evaluation by the Smalley Check Sample Program [21] and the International Mycotoxin Check Sample Program [22] . These studies demonstrated the lack of precision associated with commonly used TLC methods; the coefficient of variation ranged from 30% to 122%. The use of TLC methods for aflatoxin estimations has also been reviewed [23, 24] .
High-performance thin-layer chromatography
HPTLC is a comparatively new method that has been reviewed comprehensively by Coker [9] . It uses an automated sample applicator, a scanner, and a computing integrator, all of which lead to improved precision in the quantification of aflatoxin. If an automated densitometer/scanner is used for this purpose, the position of spots will be accurate. This can be done by using an automated spotting technique. The other advantage of this method is that only 1 µl is sufficient for spotting, as against 10 to 20 µl required for the commercial TLC method. Concentrations of aflatoxins as low as 5 pg can be detected through HPTLC [20] .
High-performance liquid chromatography
The HPLC system of aflatoxin estimation has high precision, high sensitivity, and high automation. This method retains two phase systems: normal phase (liquid/solid, polar stationary phase) and reverse phase (liquid/liquid, polar mobile phase) in conjunction with UV absorption and fluorescence detection. Reverse-phase HPLC is widely used for aflatoxin analysis [20] .
HPLC quantitation of aflatoxins was initially used by DeVries and Chang [25] and Tarter et al. [26] . They used trifluoroacetic acid derivatization in reverse-phase HPLC and detected aflatoxins B 1 , B 2 , G 1 , and G 2 even down to 5 pg. Subsequently post-column derivatization methods were also developed using fluorescence detection of an iodine derivative of aflatoxin B 1 [27, 28] . Coker and Jones [29] later published a comprehensive review of HPLC-based methods recommended for estimation aflatoxin. HPLC methods, however, involve complex steps for extraction and clean-up, besides being time consuming and requiring experience.
Minicolumn methods
When a large number of samples require rapid screening, minicolumn methods are used more often in qualitycontrol laboratories. They are simple, rapid, and less expensive than TLC and other methods of aflatoxin analysis. Since the first use of the minicolumn method as a rapid screening procedure for detection of aflatoxin in groundnuts [30] , several improved procedures have been recommended [18, [31] [32] [33] . The minicolumn method of Romer [32] has been adopted by the Association of Official Analytical Chemists for aflatoxin analysis in groundnuts, groundnut products, and various other commodities. In this method, aflatoxins are extracted from the commodities by acetone/water (85:15, v/v), and the interfering compounds are removed by adding cupric carbonate and ferric chloride gel. The aflatoxins are subsequently extracted from the aqueous phase with chloroform, and the chloroform extract is then applied to the top of a minicolumn containing successive layers of neutral alumina (top), silica gel, and florosil (bottom), with a calcium sulphate drier at both ends. The column is developed with chloroform/acetone (9:1), and the aflatoxins are trapped as a tight band at the top of the florosil layer, which can be detected under UV light as a blue fluorescence. The fluorescence can be measured directly by inserting the developed minicolumn into a fluorotoxinmeter and can ultimately can be calculated to give the total amount of aflatoxins present in the sample. Reference minicolumns are commercially available [20] . A minicolumn confirmation method for aflatoxin has also been reported [34] .
One of the advantages of the minicolumn method is that the remaining chloroform extract is sufficiently clean to be used for a TLC presumptive test. However, this method is less accurate other analytical methods [35] .
Immunochemical methods
In addition to the above analytical methods, efforts have been made to develop some simpler and more specific methods for aflatoxin determination. The use of an immune response, with quantification of the reaction by competitive binding of either radiolabelled aflatoxin or enzyme-linked aflatoxin, has also been explored [36] [37] [38] [39] . There has been increased progress in the development of various ELISA methods for the determination of aflatoxins, using monoclonal and polyclonal antibodies [40] . The use of affinity chromatography for detecting and determining aflatoxins is also known [41] .
It is important to consider the cross-reactivity of the antibody during screening of samples for the presence of aflatoxins. The accuracy of the immunoassay of aflatoxins in naturally contaminated samples is affected by the specificity of the antibody used and by the presence of specific toxin in the sample [20] . Zhang and Chu [42] and Hefle and Chu [43] developed polyclonal and monoclonal antibodies, respectively, that show good cross-reactivity with aflatoxin B 1 and G 1 . A membrane-based enzyme immunoassay test for aflatoxin B 1 has been developed by Singh and Jang [44] .
Radioimmunoassay
In this method, there is a simultaneous incubation of the sample extract or known standard with a specific antibody and a constant amount of labelled toxin. Free toxin and bound toxin are then separated by an appropriate technique, and the radioactivity in these fractions is determined [45] . The toxin concentration in the unknown sample is determined by comparing results with the standard curve established by plotting the ratio of radioactivity in the bound fraction and free fraction versus log 10 concentration of the non-labelled toxin. RIA can detect 0.25 to 0.50 µg of purified aflatoxin per assay in the standard preparation. The lowest detection limit for aflatoxin in the sample varies from 2 to 5 µg/kg.
RIA is, however, not widely used because it requires labelling of the toxins with tritium, which is difficult and expensive; disposal of radioactive waste is a problem; it requires a scintillation counter, which is also expensive; and only a small number of samples can be processed [46] .
Enzyme-linked immunosorbent assays
Two types of ELISA can be used for the analysis of aflatoxins: direct and indirect. Both methods involve the separation of free (unreacted) aflatoxin in a liquid phase from the bound toxin in a solid phase. Direct ELISA involves the use of an aflatoxin-enzyme conjugate, whereas indirect ELISA involves the use of a protein-aflatoxin conjugate and a secondary antibody, such as goat anti-rabbit IgG, to which an enzyme has been conjugated. The most commonly used enzyme for conjugation is horseradish peroxidase, although alkaline phosphatase can be used [45, 47] .
Direct ELISA
In direct ELISA, a specific antibody is initially coated to a solid phase such as a microtitre plate [48, 49] . The sample extract or standard aflatoxin is then incubated simultaneously with the enzyme conjugate or separately incubated in two steps. The amount of enzyme bound to the plate is determined after appropriate washings by incubation with a specific substrate solution. The resulting colour is subsequently measured by visual comparison with the standard toxin or by a spectrophotometer. Since this method is based on the competition for antibody-binding sites, the free toxin concentration is inversely related to the antibody-bound enzyme conjugate.
Mehan [20] compared the efficacy of several direct ELISA methods recommended for the analysis of aflatoxin B 1 in groundnuts and groundnut products. A simple ELISA protocol was developed by Chu et al. [49] , which takes about an hour for the analysis of aflatoxin B 1 in several food commodities. Although clean-up treatment is not necessary [50] , the sensitivity of ELISA can be improved when it is included (for example, extraction with hexane) [51] . The results of a collaborative study reflected positive responses of the direct ELISA method [52] . Azimahtol and Tey [53] developed a direct competitive ELISA based on detecting high-affinity, specific polyclonal antibodies for aflatoxin B 1 in cereals, peanuts, and peanut butter.
Indirect ELISA
In indirect ELISA, aflatoxin-protein conjugate (KLHaflatoxin B 1 ) is coated onto the microtitre plate, and the sample or standard aflatoxin is added to the wells, followed by an aliquot of an anti-aflatoxin antibody. The amount of antibody bound to the plate is detected by the addition of goat anti-rabbit IgG conjugated to alkaline phosphatase, followed by reaction with pnitrophenyl phosphate to give a coloured product. The toxin is determined by comparing the colour of this reaction product with that of the standard curve prepared from known toxin concentrations.
Ramakrishna and Mehan [54] reported both direct and indirect ELISA methods for analysis of aflatoxin B 1 in groundnuts. Both methods detected concentrations of aflatoxin B 1 as low as 20 pg per well. However, indirect ELISA takes longer than direct ELISA-about 5.5 hours. The other advantages of direct over indirect ELISA are that it uses a single conjugated protein, requires one less incubation and washing step, and is less variable.
Several commercially available ELISA kits for the analysis of aflatoxins in food have been developed in the United Kingdom, Japan, France, the United States, Australia, and other countries. Mehan [20] summarized the feasibility of using these kits for the analysis of aflatoxin in groundnuts. Some of the ELISA methods have been designed as rapid screening methods, which are suitable when aflatoxin levels are below 20 µg/kg (e.g., the Agriscreen test for aflatoxin B 1 , kit developed by Neogen in the United States).
Although commercial ELISA kits are suitable for aflatoxin monitoring and programmes and for testing agricultural exports or imports, their high cost may restrict their use in most analytical laboratories in developing countries.
